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PExercise and Cardiovascular Function
ffects of Prior Moderate Exercise on
ostprandial Metabolism and Vascular
unction in Lean and Centrally Obese Men
ason M. R. Gill, PHD,* Ali Al-Mamari, MD,† William R. Ferrell, MD, PHD,†
tephen J. Cleland, MD, PHD,‡ Chris J. Packard, DSC,* Naveed Sattar, MD, PHD,*
ohn R. Petrie, MD, PHD,† Muriel J. Caslake, PHD*
lasgow, United Kingdom
OBJECTIVES We investigated whether a session of prior exercise could ameliorate postprandial endothelial
dysfunction.
BACKGROUND Endothelial function is impaired after fat ingestion, and this may be related to rises in
triglyceride concentrations. Exercise reduces postprandial triglyceride concentrations.
METHODS Ten lean (waist 90 cm) and 10 centrally obese (waist 100 cm) middle-aged men each
underwent two oral fat tolerance tests (blood taken fasting and for 8 h after a high-fat meal
containing 80 g fat and 70 g carbohydrate). On the afternoon before one test, subjects
performed a 90-min treadmill walk (exercise); no exercise was performed before the control
test. Endothelium-dependent and -independent microvascular function was assessed using
laser Doppler imaging in the fasted state and at two hourly intervals during the 8-h
postprandial period.
RESULTS Exercise reduced both fasting and postprandial triglyceride concentrations by 25% in both the
lean and centrally obese groups (p  0.0005). For all subjects taken together, exercise
improved fasting endothelium-dependent function by 25% (p  0.05), and, although there
was a significant postprandial decrease in both endothelium-dependent and -independent
function in both the control and exercise trials (p  0.01), postprandial endothelium-
dependent and -independent function were 15% and 20% higher, respectively, in the exercise
trial than the control trial (both p  0.05).
CONCLUSIONS A session of prior exercise improves fasting and postprandial vascular function in
middle-aged men. This may be one mechanism by which exercise influences cardiovas-
cular risk. (J Am Coll Cardiol 2004;44:2375– 82) © 2004 by the American College of
ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.09.035Cardiology Foundation
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bree-living humans spend the majority of their lives in
he postprandial state, and the changes to metabolism
een during the hours after meal ingestion are likely to
lay an important role in the atherosclerotic disease
rocess. It has been postulated that postprandial lipopro-
eins and their remnants directly infiltrate the arterial
all and accumulate in atheromatous plaques (1). Fur-
hermore, high concentrations of postprandial lipopro-
eins facilitate the exchange of neutral lipids between
riglyceride (TG)-rich and cholesterol-rich lipoproteins,
romoting the atherogenic lipoprotein phenotype of
mall, dense, low-density lipoprotein (LDL) and low
igh-density lipoprotein (HDL) (1).
More recent study has focused on nonlipid disturbances
ccurring in the postprandial state. It is now evident that
ystemic inflammation is increased (2,3) and that endothe-
ial function is impaired (4,5) postprandially, with some
From the Departments of *Vascular Biochemistry and †Medicine, University of
lasgow, Glasgow Royal Infirmary, Glasgow, United Kingdom; and the ‡Depart-
ent of Medicine and Therapeutics, University of Glasgow, Western Infirmary,
lasgow, United Kingdom. Supported by a grant from the British Heart Foundation,
ondon, United Kingdom (PG/2001018).p
Manuscript received June 15, 2004; revised manuscript received September 13,
004, accepted September 14, 2004.tudies reporting that the postprandial decrement in endo-
helial function is proportional to the postprandial TG
ncrease (4,5). As endothelial dysfunction and inflammation
re central to atherogenic progression (6), it is likely that
hese transient postprandial changes, repeated on a daily
asis, have implications for long-term risk of vascular
isease. There is now a large body of evidence indicating
hat a single session of moderate exercise can reduce
ubsequent postprandial lipemia by20% to 25% (7). Thus,
iven the reported relationship between postprandial li-
emia and endothelial dysfunction (4,5), we hypothesized
hat exercise of this nature could attenuate the postprandial
ecrement in endothelial function.
We chose to study centrally obese middle-aged men, a
ypical population at which exercise for health guidelines are
argeted. We also included a comparative group of lean
en. These two groups differ in insulin sensitivity (8) and
xhibit marked differences in insulin-regulated postprandial
lucose and lipid metabolism (9). A secondary aim of this
tudy was to investigate whether the magnitude of exercise-
nduced changes to postprandial metabolism would differ
etween these two subject groups with differing metabolic
rofiles.
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ubjects. Ten lean men (waist circumference 90 cm) and
0 age-matched centrally obese (waist circumference 100
m) men participated in this study. Their physical charac-
eristics are shown in Table 1. All were apparently healthy
ormoglycemic nonsmokers who displayed no symptoms of
oronary artery disease during a clinical exercise stress test.
one was taking any drugs thought to affect lipid or
arbohydrate metabolism or vascular function. The study
as conducted with the approval of North Glasgow Uni-
ersity Hospitals National Health Service Trust Ethics
ommittee, and subjects gave written informed consent
efore participation.
tudy design. Subjects participated in two oral fat toler-
nce tests in a randomized, balanced design with an interval
f 7 to 14 days and different preconditions. In one trial,
ubjects walked on a treadmill for 90 min at an intensity of
50% of maximal oxygen uptake (VO2max) (determined
rom a preliminary submaximal incremental treadmill test
10]) on the day before the oral fat tolerance test (exercise
rial). In the other trial, subjects performed no exercise on
he day preceding the oral fat tolerance test (control trial).
Subjects weighed and recorded their dietary intake and
bstained from alcohol for the two days before the first oral
at tolerance test and replicated this before the second fat
olerance test. In addition, subjects were instructed to
erform no exercise, other than the treadmill walk in the
xercise trial, during the three days preceding each oral fat
olerance test.
Abbreviations and Acronyms
ACh  acetylcholine
ELISA  enzyme-linked immunoassay
HDL  high-density lipoprotein
IL  interleukin
LDL  low-density lipoprotein
NEFA  non-esterified fatty acid
SNP  sodium nitroprusside
TG  triglyceride
VLDL  very low-density lipoprotein
VO2max  maximal oxygen uptake
able 1. Subject Characteristics
Lean Men
(n  10)
Centrally
Obese Men
(n  10)
ge (yrs) 47.9 8.4 46.5  10.5
aist (cm) 82.3 5.4 107.1  8.0*
ody mass index (kg·m2) 23.0  1.9 31.7  4.7*
um of four skinfolds† 39.8 8.4 88.3  43.1*
ystolic blood pressure (mm Hg) 112  5 118  12
iastolic blood pressure (mm Hg) 70  7 74  7
aximal oxygen uptake‡
(ml·kg1·min1)
43.9  6.2 40.6  6.6
ata are mean values  SD. *Significantly different from lean group, p  0.01;
skinfolds are biceps, triceps, subscapular, and suprailiac; ‡estimated from a four-stage
ubmaximal incremental treadmill test (10).readmill walk. The walk in the exercise trial was per-
ormed on the afternoon before the oral fat tolerance test
nd completed 16 to 18 h before ingestion of the test
eal. Oxygen uptake and carbon dioxide production were
easured using an online gas analysis system (CPX/D
reezeEx v3.0, MedGraphics Cardiorespiratory Diagnostic
ystems, St. Paul, Minnesota), heart rate was measured by
hort-range telemetry (Polar Electroky, Kempele, Finland),
nd ratings of perceived exertion (11) were obtained at
5-min intervals during the walk.
ral fat tolerance tests. On the morning of the oral fat
olerance tests, subjects reported to the laboratory after a
2-h fast. Forearm microvascular function was assessed
sing laser Doppler imaging with iontophoresis (see the
ollowing text for description). A venous cannula was then
nserted, and, after an interval of 10 min, a baseline blood
ample was withdrawn. Subjects then consumed a high-fat
est meal composed of whipping cream, fruit, cereal, nuts,
nd chocolate, which provided 80 g fat, 70 g carbohydrate,
2 g protein, and 4.3 MJ energy. Further blood samples
ere obtained 20, 40, 60, 90, 120, 240, 360, and 480 min
ostprandially. Microvascular function was assessed again
fter the 120-, 240-, 360-, and 480-min blood samples.
ubjects rested throughout this day and consumed only
ater. This was provided ad libitum during the first fat
olerance test, and the volume and pattern of water intake
as replicated during the second test.
ssessment of microvascular function. Peripheral micro-
ascular function was assessed using a validated technique to
uantify vasodilator responses to iontophoresis of 1% ace-
ylcholine (ACh) (endothelium-dependent) and 1% sodium
itroprusside (SNP) (endothelium-independent), which has
een described in detail elsewhere (12,13). Subjects lay in a
emirecumbent position in a temperature-controlled room
ith their noncannulated forearm supported by an armrest.
ontophoresis chambers were attached to the volar aspect of
he forearm with ACh and SNP introduced into the anodal
nd cathodal chambers, respectively. Drug iontophoresis
as by a constant-current controller (MIC-1ev; Moor
nstruments Ltd., Axminster, United Kingdom), incre-
ented from 5 A to 20 A (8 mC total charge).
oninvasive measurement of skin perfusion was by a laser
oppler imager (Moor Instruments Ltd.). Twenty repeti-
ive scans were performed, including a control scan (no
urrent). For each scan, median flux values within each
hamber were determined, corrected for variation in skin
esistance (12), and the area under the corrected flux versus
ime curve defined the overall microvascular response. The
ithin-day and between-day coefficients of variation for this
ethod are both 10% (12).
nalytical procedures. Blood samples were collected into
otassium EDTA tubes and lithium heparin tubes and
laced on ice. Plasma was separated within 15 min of
ollection. Plasma for lipoprotein analyses was stored at
°C; the remainder was divided into aliquots and stored at
70°C. In the fasted state and 8 h postprandially, a small
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December 21, 2004:2375–82 Exercise and Postprandial Vascular Functionample of whole blood was retained for the determination of
hite blood cell count.
Plasma very low-density lipoprotein (VLDL) cholesterol,
DL cholesterol, and HDL cholesterol concentrations were
etermined in the fasted state according to the Lipid
esearch Clinics Program Manual of Laboratory Opera-
ions (14). Triglyceride, glucose, and non-esterified fatty
cid (NEFA) concentrations were determined by enzymatic
olorimetric methods using commercially available kits
Roche Diagnostics GmbH, Mannheim, Germany, and
ako Chemicals Inc., Richmond, Virginia). Insulin was
etermined using a commercially available enzyme-linked
mmunoassay (ELISA) with 0.01% cross-reactivity with
roinsulin (Mercodia AB, Uppsala, Sweden). Interleukin
IL)-6 concentrations were determined using a commer-
ially available high-sensitivity ELISA (R&D Systems Inc.,
xon, United Kingdom). White blood cell count was
easured in a Coulter counter in the routine hospital
ematology laboratory. Other than lipoprotein analyses and
hite blood cell count, which were performed on fresh
amples, all samples for each subject were analyzed in the
ame run. Coefficients of variation were 5% for all
on-ELISA assays and 10% for all ELISA assays.
alculations and statistics. Energy expenditure during the
0-min treadmill walk was calculated using indirect calo-
imetry assuming no protein oxidation (15).
Where appropriate, the time-averaged postprandial concen-
ration—defined as the trapezium rule-derived area under the
lasma concentration versus time curve, divided by the dura-
ion of postprandial observation period (8 h)—was used as a
ummary measure of the postprandial responses. The post-
randial rise in concentration was defined as the time-averaged
ostprandial concentration minus the fasting concentration
i.e., the incremental area under the concentration vs. time
urve, divided by 8 h).
Statistical analyses were performed using Statistica (ver-
ion 6.0, StatSoft Inc., Tulsa, Oklahoma) and Minitab
version 13.1, Minitab Inc., State College, Pennsylvania).
ata sets were tested for normality using Anderson-Darling
able 2. Plasma Concentrations in the Fasted State
Lean Men
(n  10)
Control Exercise
G* (mmol·l1) 0.85  0.08 0.64  0.05
otal cholesterol (mmol·l1) 4.96  0.24 5.01  0.23
DL cholesterol (mmol·l1) 1.32  0.09 1.37  0.09
DL cholesterol (mmol·l1) 3.24  0.15 3.33  0.16
lucose (mmol·l1) 5.04  0.12 5.00  0.10
nsulin (U·ml1) 4.03  0.65 3.97  0.35
EFA (mmol·l1) 0.35  0.03 0.44  0.03
L-6* (pg·ml1) 0.95  0.14 0.78  0.10
ata are mean values  SEM. *Statistics performed on logarithmically transformed d
ffect for control vs. exercise; no significant group by trial interactions.
ANOVA  analysis of variance; HDL  high-density lipoprotein; IL-6  in
riglyceride.ormality tests, and, where necessary, data were logarith- (ically transformed before statistical analysis. Comparisons
f fasting values and summary postprandial responses were
ade using two-way analysis of variance (group  trial)
ith repeated measures on the trial (exercise or control)
actor. Where it was necessary to determine changes over
he postprandial period, three-way analysis of variance
group  trial  time) were performed with repeated
easures on the trial and time factors. Post-hoc Fisher least
ignificant difference tests were used to identify exactly
here any differences lay. A priori power calculations, based
n our data for intrasubject reproducibility of ACh vasodi-
ator responses (within-day and between-day coefficients of
ariation both 10% [12]) and postprandial TG responses
between-day coefficient of variation 10.1%, unpublished
ata) indicated that 10 subjects per group would enable
etection of exercise-induced changes of 10% in either
esponse. Significance was accepted at the p  0.05 level,
nd data are presented as mean values  SEM unless
therwise stated.
ESULTS
readmill walk. For the 90-min treadmill walk, the lean
en walked at a speed of 6.0 0.2 km·h1 up a 4.3 0.6%
radient, and the centrally obese men walked at 5.8  0.1
m·h1 up a 3.6 0.5% gradient. Mean VO2 and heart rate
ere 22.1  0.9 ml·kg1 (50.6  0.9% VO2max) and 119
3 beat·min1 for the lean men and 20.5  0.7 ml·kg1
51.1  1.1% VO2max) and 126  3 beat·min
1 for the
entrally obese men. The lean and centrally obese subjects
ated the intensity of the walk as 11.8 0.5 (between “fairly
ight” and “somewhat hard”) and 12.9  0.5 (“somewhat
ard”), respectively, on the Borg scale of 6 to 20 (11). There
ere no significant differences between the lean and cen-
rally obese men in any of the previously mentioned factors.
owever, as a consequence of their greater body mass, the
verall gross energy expenditure of the walk was higher in
he centrally obese men (3.7  0.1 MJ) than the lean men
Centrally Obese Men
(n  10)
p for
Group
p for
TrialControl Exercise
1.74  0.20 1.31  0.20 0.0005 0.001
5.00  0.28 4.82  0.23 0.82 0.38
0.97  0.07 1.00  0.06 0.005 0.11
3.36  0.24 3.27  0.22 0.92 0.99
5.60  0.21 5.56  0.16 0.017 0.45
7.95  1.23 7.63  1.54 0.017 0.63
0.44  0.03 0.46  0.03 0.17 0.017
1.93  0.28 1.61  0.22 0.002 0.13
or group, ANOVA main effect for lean vs. centrally obese; p for trial, ANOVA main
in-6; LDL  low-density lipoprotein; NEFA  nonesterified fatty acid; TG ata; p f2.9  0.2 MJ) (p  0.003).
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Exercise and Postprandial Vascular Function December 21, 2004:2375–82lasma concentrations in the fasted state. Plasma concen-
rations in the fasted state are shown in Table 2. Concentra-
ions of TG, glucose, insulin, and IL-6 were all significantly
igher and the concentration of HDL cholesterol was signif-
cantly lower in the centrally obese than the lean men (all p 
.05). Exercise reduced fasting TG concentrations to the same
egree in the lean and centrally obese men (25% reduction for
oth, p 0.001). Concentrations of NEFA were significantly
igher in the exercise trial than the control trial.
etabolic responses to the test meal. Figure 1 shows the
etabolic responses to the test meal with summary mea-
ures of these responses shown in Table 3. As expected, the
entrally obese men exhibited greater postprandial meta-
olic perturbations than the lean men with significantly
igher postprandial plasma TG, insulin, glucose and NEFA
esponses. Exercise significantly reduced postprandial TG
igure 1. Postprandial plasma triglyceride (TG) concentrations (top pa
onesterified fatty acid (NEFA) (bottom panels) concentrations in the lea
nd exercise trials. Summary statistics for these responses are shown in Toncentrations (and postprandial rises in TG concentration) cy 25% in both the lean and centrally obese groups (p 
.0005 for both). Analysis of variance main effects indicated
hat the postprandial insulin response was significantly
educed by exercise (p  0.037), but post-hoc analysis
evealed that this was only evident in the centrally obese
roup (11% reduction, p  0.015), with no significant
eduction occurring in the lean subjects (3% reduction, p 
.63). Postprandial NEFA (p  0.006) concentrations were
oth significantly higher in the exercise trial than the
ontrol trial, but postprandial glucose concentrations did
ot differ significantly between the two trials.
icrovascular responses to ACh and SNP in the fasted
nd postprandial states. Microvascular responses to ACh
nd SNP did not differ significantly between the lean and
entrally obese groups. Data from the two groups were,
herefore, combined for further statistical analyses. These
, insulin (second row of panels), glucose (third row of panels), and
10, left panels) and centrally obese (n  10, right panels) in the control
.nels)
n (n ombined responses are shown in Figure 2. The fasting
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December 21, 2004:2375–82 Exercise and Postprandial Vascular FunctionCh response was 25% higher in the exercise trial than the
ontrol trial (p 0.02). In both trials, the ACh responses at
, 4, 6, and 8 h postprandially were significantly lower than
he responses in the fasted state (p  0.01), but the average
able 3. Metabolic Responses to the Test Meal
Lean
(n 
Control
ostprandial TG concentration* (mmol·l1) 1.40  0.12
ostprandial TG rise in concentration* (mmol·l1) 0.55  0.06
ostprandial insulin concentration* (U·ml1) 8.61  0.79
ostprandial glucose concentration (mmol·l1) 5.15  0.11
ostprandial NEFA concentration (mmol·l1) 0.35  0.01
ostprandial concentrations and postprandial rises in concentration calculated as the
f the postprandial observation period (8 h) Data are mean values  SEM. *Statistics
ersus centrally obese; p for trial, ANOVA main effect for control versus exercise; n
Abbreviations as in Table 2.
igure 2. Microvascular responses to acetylcholine (Ach) (top panel) and
odium nitroprusside (SNP) (bottom panel) in the fasted and postprandial
tates for the lean and centrally obese subjects combined in the control and
xercise trials (n 20). Statistics performed on logarithmically transformed
ata. *Different from fasting value in the same trial, p  0.05 (**p  0.01);e
difference between control and exercise trials at the same time point, p 
.05.Ch response over the postprandial observation period
mean of 2-, 4-, 6-, and 8-h responses) was 15% higher in
he exercise trial than the control trial (10,745  986 flux U
s. 9,349  857 flux U, p  0.048). In contrast with the
Ch responses, SNP responses did not differ significantly
etween the control and exercise trials in the fasted state (p
0.98). In the control trial, SNP responses at 2, 4, 6, and
h postprandially were significantly lower than the re-
ponses in the fasted state (p  0.01), and, in the exercise
NP responses, 4, 6, and 8 h postprandially were signifi-
antly lower than fasting values (p  0.05). However, the
verage SNP response over the postprandial observation
eriod was 20% higher in the exercise trial than the control
rial (11,111  847 flux U vs. 9,230  790 flux U, p 
.036).
nflammatory responses to the test meal. The inflamma-
ory responses to the test meal are shown in Figure 3. In all
rials, IL-6 concentrations rose significantly after ingestion
f the test meal and were significantly higher than concen-
rations in the fasted state at the late postprandial time
oints. The time-averaged postprandial IL-6 concentration
id not differ significantly between control and exercise trials
r between the lean and centrally obese groups, and there was
o significant group  trial interaction. White blood cell
ounts were significantly higher at 8 h postprandially than in
he fasted state in both the control and exercise trials for both
he lean and centrally obese subject groups (all p  0.01).
here were no significant differences between the control and
xercise trials or between the lean and centrally obese subjects,
or were there any significant interactions.
ISCUSSION
he major novel finding in this study is that a single session
f moderate exercise significantly improved small vessel
asodilator function in both the fasted and postprandial
tates in a group of middle-aged men. Prior exercise
ncreased the ACh response in the fasted state by 25%, with
o change in the SNP response, indicating that this im-
rovement in vascular function was endothelium-
ependent. This is likely to be clinically important, as
ndothelial function measures predict future cardiovascular
Centrally Obese Men
(n  10)
p for
Group
p for
Trialxercise Control Exercise
5  0.07 2.51  0.32 1.91  0.33 0.002 0.0005
1  0.04 0.77  0.15 0.60  0.14 0.282 0.0005
6  0.76 17.75  2.62 15.86  2.96 0.003 0.037
8  0.09 5.77  0.14 5.73  0.15 0.003 0.80
8  0.02 0.41  0.02 0.45  0.02 0.009 0.006
der the total or incremental concentration versus time curve divided by the duration
med on logarithmically transformed data; p for group, ANOVA main effect for lean
ficant group by trial interactions.Men
10)
E
1.0
0.4
8.3
5.1
0.3
area un
perforvents and do so independently of conventional risk factors
(
e
w
fi
e
s
T
t
m
t
n
T
n
o
n
o
a
A
s
p
a
a
o
h
s
(
b
c
r
v
p
e
N
i
s
t
e
e
f
l
f
b
t
e
a
(
fl
h
d
s
s
n
i
a
h
r
w
s
t
o
F
o rom f
c
2380 Gill et al. JACC Vol. 44, No. 12, 2004
Exercise and Postprandial Vascular Function December 21, 2004:2375–826). Moreover, although it has been demonstrated that
ndothelial function can be improved after a number of
eeks of exercise training (16), we believe that this is the
rst study to demonstrate a sustained improvement in
ndothelial function which was evident on the day after a
ingle exercise session. Thus, in common with changes in
G metabolism (7) and insulin sensitivity (17), exercise
raining-induced improvements to endothelial function
ay, at least in part, be a consequence of relatively short-
erm changes in response to recent exercise.
We assessed microvascular function using the relatively
ovel method of laser Doppler imaging with iontophoresis.
his noninvasive in vivo method, which assesses the cuta-
eous microcirculation, provides a robust surrogate marker
f vascular function in other vascular beds. Reduced cuta-
eous responsiveness to iontophoresis of ACh has been
bserved in hypercholesterolemia (18) and diabetes (19),
nd in these conditions there is a parallel reduction of the
Ch response in the forearm circulation (predominantly a
keletal muscle vascular bed) assessed by venous occlusion
lethysmography (20–22). The iontophoresis method has
lso revealed an inverse relationship between blood pressure
nd the ACh response (23), and ACh-induced vasodilation
f both forearm skin and muscle is reduced in essential
ypertension (24). Moreover, attenuated cutaneous re-
ponses to ACh iontophoresis of heart transplant patients
25) are paralleled by reduced responsiveness of coronary
lood vessels to ACh in this group (26). Thus, many
onditions affecting the cardiovascular system appear to
esult in global endothelial dysfunction, affecting cutaneous
essels as well as vascular beds more directly involved in the
igure 3. Postprandial plasma interleukin-6 (IL-6) (top panels) and white
bese (n  10, right panels) in the control and exercise trials. *Different f
ontrol and exercise trials at the same time point, p  0.05.athogenesis of vascular disease. aWe found no significant correlations between the
xercise-induced change in fasting TG, insulin, glucose,
EFA, IL-6, or white blood cell count and the exercise-
nduced change in the fasting ACh response (data not
hown). This is in accord with a recent report that found
hat changes to endothelial function elicited by longer-term
xercise programs were not significantly related to the
xercise-induced changes in a number of cardiovascular risk
actors (16), suggesting that exercise may improve endothe-
ial function via other mechanisms. The improvement in the
asting ACh response after exercise may be due to increased
lood flow augmenting shear stress on the endothelium,
hereby stimulating nitric oxide release. Indeed, recent
vidence suggests that this is evident in vascular beds which
re not actively exercising as well as in the exercising tissues
27). Furthermore, the effects of moderate exercise on blood
ow persist for a number of hours after exercise cessation; it
as been reported that leg blood flow is almost 40% higher
uring the day after a 2-h moderate-intensity exercise
ession than after a day with no exercise (28) and that
ubcutaneous adipose tissue blood flow is elevated for a
umber of hours after exercise (29). This prolonged increase
n blood flow during recovery from exercise may enable
ugmented endothelial function to persist for a number of
ours after exercise, in line with the present findings.
In both the control and the exercise trials, the ACh
esponse declined significantly postprandially, in agreement
ith other reports (4,5). However, postprandial ACh re-
ponses were significantly higher in the exercise trial than
he control trial, indicating that prior exercise acted to
ppose the postprandial decrement. Interestingly, there was
cell counts (bottom panels) in the lean (n 10, left panels) and centrally
asting value in the same trial, p  0.05 (**p  0.01); †difference betweenbloodpostprandial decline in the SNP response, which tracked
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December 21, 2004:2375–82 Exercise and Postprandial Vascular Functionhe decrease in the ACh response, indicating that the
ostprandial decrement in microvascular function cannot be
ttributed with certainty to endothelial as opposed to
mooth muscle vascular structures. However, as postpran-
ial SNP responses were higher in the exercise than the
ontrol trial, it seems likely that prior exercise also amelio-
ated any postprandial decline in vascular smooth muscle
asoactivity. These findings mirror the effects of fenofibrate
n vasodilator function in hypertriglyceridemic patients
30), in which fibrate treatment reduced TG concentrations
nd improved resistance vessel vasodilator responses to both
Ch and SNP to a similar degree. Thus, it is possible that
he TG-mediated impairment of resistance vascular func-
ion may, to some extent, be mediated by endothelium-
ndependent mechanisms, and this may differ somewhat
rom the effects of TG on conduit vessel vascular function,
here it appears that that the postprandial decrement in
asodilator response is mediated by endothelium-dependent
echanisms (4,5). Certainly, in vitro studies have demon-
trated that remnants and fatty acids derived from the
ydrolysis of TG-rich lipoproteins are cytotoxic to vascular
mooth muscle cells (31,32). Moreover, cardiovascular risk
actors such as hypercholesterolemia (33), hypertension (34),
nd type 2 diabetes (20) have been linked to the perturbance of
oth endothelium-dependent and -independent vasodilation
however measured), and their treatments often improve
oth responses (22,33).
Because ingestion of high-fat meals blunts vasodilator
unction (4,5), but ingestion of a low-fat meal does not (4),
t seems likely that the postprandial decrement in vascular
unction is a consequence of fat ingestion per se. However,
s yet, the mechanisms responsible have not been fully
lucidated. Some studies have reported that the postprandial
ecrement in vasodilator function correlates with the post-
randial rise in TG (4,5), but this is not a universal finding
35), and, in the present study, we found no significant
elationships between postprandial TG concentrations or
ises in concentration and postprandial ACh responses in
ither the control or exercise trial (data not shown). We
imilarly found no significant relationships between
xercise-induced changes in postprandial TG concentra-
ions or rises in concentration and exercise-induced changes
n postprandial ACh responses (data not shown), suggesting
hat differences in TG may not explain the changes in ACh
esponse observed in the present study. Alternatively, post-
randial increases in systemic inflammation may contribute
o endothelial dysfunction (3); in the present study, there
as clear evidence of a postprandial increase in inflamma-
ion with rises in IL-6 concentrations and white blood cell
ounts. However, we observed similar postprandial inflam-
atory responses in the control and exercise trials, suggest-
ng that either differences in these inflammatory markers
ere not a major mediator in the exercise-induced improve-
ents to postprandial vasodilator responses or that the study
ad insufficient power to detect a clear effect of exercise on
hese inflammatory responses. A further possibility is that orior exercise influenced endothelial function through ef-
ects on postprandial oxidative stress or antioxidant mech-
nisms. It has been reported that co-ingestion of antioxidant
itamins with fat abolishes the postprandial decrement in
ndothelial function (36) and moderate exercise may act
hrough a similar mechanism, as it has been demonstrated
hat moderate exercise training increases plasma antioxidant
efenses (37). Whether this occurs in response to a single
xercise session warrants further investigation. Alterna-
ively, it is possible that the higher postprandial ACh
esponses seen after exercise were a direct consequence of
he higher ACh baseline response, rather than a specific
ffect of exercise on postprandial metabolism.
We did not observe significant differences in microvas-
ular function between the lean and the centrally obese
ubjects in this study; however, ACh responses were, over-
ll,10% lower in the centrally obese than the lean subjects.
his difference between groups was substantially smaller
han that observed for the postprandial TG response (con-
rol trial response 79% higher in the centrally obese subjects,
 0.01) (Table 3) or the postprandial insulin response
106% higher, p  0.01) and suggests that the effects of
besity on microvascular function may be more subtle than
heir effects on TG metabolism and insulin sensitivity. The
resent study, with 10 subjects in each group, had insuffi-
ient power to determine whether this small difference in
icrovascular function between the groups was real, and
urther investigation in a larger study is warranted to address
his issue.
The results from this study demonstrate that a session of
rior moderate exercise effectively reduces postprandial TG
oncentrations in both lean and centrally obese middle-aged
en. The percentage reductions in TG were remarkably
imilar in the two groups—25% for each—but the cen-
rally obese subjects, by virtue of their higher TG concen-
rations, experienced a greater absolute TG decrease. The
ercentage TG reductions observed are comparable with
hose found in other reports (7). However, these earlier
eports have generally studied subjects with lower TG
oncentrations than those of the centrally obese subjects in
he present study, and, thus, our findings extend the
vidence base, demonstrating the efficacy of moderate exer-
ise in reducing postprandial lipemia in a range of study
opulations. Importantly, despite many of the men being
nused to walking long distances, all managed to complete
he 90-min treadmill walk without difficulty, and none
omplained of undue tiredness or muscle soreness, indicat-
ng that, although this goes beyond the current “30 min per
ay” exercise recommendation (38), walks of this intensity
nd duration are not beyond the capability of inactive
entrally obese middle-aged men.
In conclusion, this study has demonstrated that a single
ession of moderate-intensity exercise, which was well
olerated by the study participants, improved fasting and
ostprandial resistance vessel vasodilator function in a group
f middle-aged men. Furthermore, prior exercise reduced
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Exercise and Postprandial Vascular Function December 21, 2004:2375–82ostprandial lipemia to the same degree in lean and centrally
bese men and reduced postprandial insulin concentrations
n the centrally obese men. These findings indicate that
oderate exercise is effective in attenuating many of the
dverse metabolic and vascular changes occurring during the
ours after ingestion of dietary fat and, thus, contribute to
ur understanding of the mechanisms by which exercise can
educe cardiovascular risk.
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